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ABSTRACT: 
The recycle movement is now bigger than ever, with more reasons than ever. 
Recycling has the potential to save the world's landfills millions of cubic feet per year of 
precious space, as well as preserve our natural supply of virgin timbers. The recycling 
effort has sparked many questions over the years for papermakers. One big question is 
"how will repeated beating of fibers affect recycling potential?, and how will the effects 
differ between chemical and mechanical pulps"? 
Chemical pulps have been found to lose strength from recycling. By becoming 
stiffer, chemically pulped fibers lose critical bonding area and flexibility, whereas, 
mechanical pulps have been recycled with little or no constant trend on fiber strength 
as recycling increases. It is thought that mechanical pulps actually soften and become 
more pliable with increased recycling, therefore increasing bond area and strength. 
The purpose of the experiment was to investigate the recycled fiber potential of 
mechanical pulps. The experiment was carried out using a softwood, pine TMP pulp 
supplied by a mill located in the state of Washington. Initially, handsheets were 
formed before any beating took place, to serve as a control group. The initial batch of 
handsheets were tested for strength properties and then beaten to a target freeness of 
122CSF, this cycle of testing, repulping and beating was carried out four tinies. 
The results of the experiment revealed and interesting trend. It was found that 
strength in the form of tensile wet and dry, breaking length, burst index, and scott bond 
all reached a strength maxima after the second recycle. After the maxima was reached 
strength declined through the third and fourth recycles. 
Zero span tensile indicates no appreciable fiber strength loss was found 
throughout the recycling process. This would suggest strength gains were derived 
from increased bonding. Increased bonding was thought to be achieved by fiber 
softening and fiber unravelling, which produced greater available bond area. The 
production of short fibers also aided in producing increased bond area. It is believed 
that after two recycles, the fiber stabilized. The decrease in strength is believed to be a 
function of fiber shortening. 
It should be mentioned that some fines were lost in handsheet making process. 
White water was not recycled back into the forming machine, and so some of the fines 
produced in the PFI mill were lost. It would also have been beneficial to utilize a fiber 
flexibility tester to quantify fiber flexibility. 
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INTRODUCTION: 
Strong evidence has been obtained from research about the effect of increased 
recycling on fiber potential of chemical pulps. In nearly all cases, paper strength 
properties decreased up to a given number of recycles in which the strength loss 
slowed.(l) It was found that the loss in inter-fiber bonding was much more 
pronounced than the loss in fiber strength, as indicated by the fact that recycling had 
almost no effect on zero-span tensile strength and that the loss in tensile strength due to 
recycling was caused by increased bonding weakness, with fiber weakness showing 
very little change.(l) 
The reduction in inter-fiber bonding of chemical pulps has been directly 
attributed to hornification, which implies a stiffening or hardening of the fiber. The loss 
of fiber flexibility and plasticity due to hornification is caused by the fibers inability to 
reswell adequately. Drying of the paper has been found to have the most critical effect 
on the fibers ability to swell. Drying intensity was found to have an effect as well, 
increased drying temperatures decreased the fibers potential.(1) It is theorized that the 
fibers large pores closed up during drying, in which it experienced plastic like flow that 
resulted in strain hardening. The resulting stiffer fiber allowed for less swelling and 
conformability, thus decreasing bond area. 
It is theorized that mechanical pulps actually act quite different from chemical 
pulps. Studies up to this time suggest that mechanical pulps may actually soften and 
become more flexible with increased recycling up to a point, after which they will start 
to harden much like the chemical pulps do. An increase in fiber flexibility would 
therefore equate into increased bonding area and strength properties. It is believed that 
as the number of recycles increases, density and breaking length would increase, while 
burst would just slightly increase and tear and scattering coefficient would decrease. It 
is not yet known for sure how the repeated recycling will affect fiber strength, but a 
decrease is expected if the recycling is accompanied by more mechanical action. The 
job of this thesis is to answer the aforementioned questions: (1) Does strength ever 
increase with recycling?, (2) if so, after what number ofrecycles is the maximum 
strength obtained? With these goals in mind an experimental design was laid out to 
quantitatively determine answers to the questions. 
By recycling a softwood TMP pulp four times, inducing mechanical action with 
a PFI mill and can drying the sheets at approximately 245 degrees Fahrenheit, it was 
thought this process would best emulate mill-scale recycling. The next important step 
was to determine what set of physical and optical type tests would best serve to reach 
the goals of the project. After much discussion, tensile index dry and wet, breaking 
length dry and wet, zero-span tensile dry and wet, folding endurance, and scott bond 
were utilized for strength tests, while brightness, scattering coefficient, and opacity 
were selected as the optical measurements. Water retention value was also chosen to 
help characterize the effects of recycling on the mechanical fibers. As defined by 
T APPi, water retention value is a measure of the water retained by a wet pulp 
specimen after centrifuging under standard conditions. The ability of a fiber to retain 
water is most dependent on the degree of swelling the fiber is capable of, and therefore 
water retention value is a good indicator of the internal fiber swelling capacity. This is 
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an important test, because if the mechanical pulps are going to soften with increased 
recycling, water retention value would indicate this improved pliability by increasing. 
Fiber length analysis was also used to help determine if beating was affecting 
fiber length. Fiber length also plays a role in analyzing the strength and optical test 
results. The production of shorter fibers would increase bonding area and strength, 
which would also resemble fiber softening. Henceforth it is important to be able to 
track fiber length and correlate increased bonding strength with either fiber softening or 
short fibers. Not being able to distinguish between the two could adversely affect the 
final hypothesis. Paper density also requires the knowledge of both fiber length and 
softness. An increase in density of the sheet could be attributed to both softening of 
the individual fibers or shortening. 
With the aid of these tests and armed with the knowledge of some past 
experimentation, it was hoped that fiber softening could be proved or disproved. Fiber 
softening will be characterized by an increase in strength and bonding properties, while 
being accompanied by a decrease in scattering coefficient and density. When fibers 
start to harden, an increase in scattering coefficient and opacity would most likely 
appear. A decrease in density may appear, depending on the amount of chopping 
taking place in the refining process. Fiber hardening will also be accompanied by a 
decrease in strength properties. 
It is therefore the objective of this thesis project to study the effects of 
increased recycling on mechanical pulps. The goal is to quantify if increased recycling 
will increase or decrease strength properties, and why? 
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BACKGROUND: 
Although there exists a large array of literature on the subject ofrecycling, very 
little exists on the effect of increased recycling of mechanical pulps. At this time, 
testing has been to inconclusive to state exactly how increased recycling affects the 
properties important to the strength of paper made from recycled mechanical fibers. 
As is stated earlier, the effects of increased recycling on chemical pulps is well 
known and documented. It has been shown that the main factor contributing to the 
chemical pulps change in sheet properties is the reduced bonding ability of the fibers.(l) 
The loss of intrinsic fiber strength, seems to be a lesser problem. Reduced bonding has 
been described as irreversible hornification, which implies a stiffening or hardening of 
the fiber. It is also suggested that the loss of fiber flexibility and plasticity is due to the 
reduced swelling capacity of the fiber once it has been made into paper. 
Generally, it has been observed that the use of chemically pulped recycled fibers 
produces papers with low mechanical properties. As the number of recycles increases 
for a chemically pulped fiber, tear and scattering coefficient increase, while density, 
breaking length and burst decrease. The apparent deficiency of chemically pulped 
recycled fiber can be overcome by refining or by the addition of chemicals to the 
papermaking process.(l) Refining serves to soften fibers and make them pliable 
enough to allow proper bonding to occur. But, the length of fibers in virgin pulp is 
known to play an important role in the development of paper strength. There have 
been indications that, provided the coarseness of the fibers remains constant, the tensile 
strength of a sheet made from relatively unbeaten pulp will vary as L 112, the burst will
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vary as L, and the fold as L5 and tear as L312, where L is fiber length.(l) These 
relationships are truly independent of the uniformity oflengths of the fibers, whether 
they are a mixture of various lengths or all of one length, but the numerical values of 
the exponents will decrease as the pulp is beaten. The density of the sheet will be 
appreciably affected by L if the fibers are the same coarseness. In the recycling 
process, the fibers become stiffer and subsequent refining shortens them. 
Research at this time has been somewhat inconclusive about mechanical pulps, 
but it is thought that the initial pulping with mechanical energy will allow the fiber to 
become more flexible and pliable with increased recycling. If this relationship proves to 
be true, bond area would increase with recycling and therefore improve sheet strength. 
This is of course very different from that of chemical pulps who become stiff and 
unpliable. Some data is available at this time that suggests for a stone groundwood 
sheet that density and breaking length increase, while burst increases slightly, and tear 
and scattering coefficient decrease. 
Much like chemical pulps, the fiber strength of mechanical pulps is not expected 
to decrease appreciably during the recycling process. The strength of mechanical pulps 
will also be dependent on bonding ability of the individual fibers. For the mechanical 
strength properties of paper, fiber length influences the stress distributiojn; fiber 
bonding is needed to hold the structure itself together, while intrinsic fiber strength is 
vital to prevent failure in the fibers themselves.(4) Chemical pulps increase in tensile 
with increased fiber length, while mechanical and high yeild pulps show an oppositte 
trend.(2) 
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Virtually all mechanical strength properties of paper depend on inter-fiber 
bonding. In addition to bonding, the mechanical strength properties are influenced by 
other factors such as fiber length, strength, stretch properties and others. The extent of 
fiber bonding is related to the inter-fiber contact area and to the bond strength per unit 
area of inter-fiber contact.(2) As the contact area between-fibers is related to the 
number of collapsed fibers or fiber conformability and sheet density, then changes in 
specific bond strength should lead to changes in the sheet strength.( 5) The influence of 
fiber strength on this relationship becomes evident as inter-fiber bonding increases.(3) 
In well-bonded sheets, failure occurs as a result of fiber failure rather than bonds 
breaking, but for damaged fibers, the chance for rupture is greater. In this case, the 
strength of a well bonded sheet is lower than it would be if fiber bonding was the sole 
controlling factor.(2) 
Just recently an article was published in the T APPi Journal about the effects of 
increased beating on mechanical pulps. The study utilized three different beating levels 
on samples of jack pine and black spruce. It was found that water retention values 
decreased as the amount of recycling increased, while density hit a maximum after two 
recycles and tensile index saw increases for the higher beating intensity and a loss of 
strength for the less intense. 
There is some correlation between this study and the previous data mentioned 
above. Density did increase for the first two recycles, and breaking length did increase 
for the higher intensity beatings. Water retention values have been proven to decrease 
throughout the recycling process. 
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METHODS: 
The major goal and/or question of the project is "how will increased beating 
effect the recycled fiber potential of mechanical pulps". This question will be answered 
by collecting a sample of softwood, TMP pulp. The pulp will then be ran through a 
number oftests described below to answer this question as ·well as many others. 
The original virgin pulped fiber was received from a TMP mill in the state of 
Washington. The pulp was received in slurry form so as to emulate a true never-dried 
virgin furnish. The pulp had not been bleached or chemically treated in any manner. 
The original freeness of the pulp was 122CSF with an arithmetic average fiber length 
(½s) of0.86, and a weight weighted average fiber length (Lw) of 1.96. The arithmetic 
average fiber length is calculated from the number of measured fibers in different length 
fractions and from the average length of the fraction. The arithmetic average fiber 
length is not always the most meaningful indicator of the fiber length because of the 
effect of short fibers is emphasized. The better expression is often the length weighted 
average fiber length. 
Before handsheet making was to start, water retention value (WR V) test 
needed to be performed on the virgin pulp slurry. As stated in the introduction, water 
retention value is the measure of water retained by a wet pulp specimen after 
centrifuging under standard conditions. The procedure for performing WRV was 
found in the TAPP! Useful Methods 256. WRV of pulps was a Masters Thesis project 
performed at Western Michigan University recently and so the specimen holder and 
correct centrifuge speed were already readily available for use. A one gram oven-dry 
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fiber ( odf) sample at thirty percent consistency was placed in the specimen holder and 
centrifuged for thirty minutes at 900 G's. Then, by simply obtaining the wet specimen 
weight after centrifuging and the dry specimen weight, WRV was calculated. 
Once the WRV was completed for the virgin pulp, handsheet making was 
facilitated. It was essential to make enough handsheets in the first run. The pulp used 
to make the original handsheets would be the same pulp used for the next four recycles, 
so it was imperative that assuming a ten percent loss per recycle there would still be 
enough pulp to make an adequate number of sheets for the fourth recycle. The pulp 
was diluted down to about 0.08% consistency and fifty-five handsheets were formed on 
the British handsheet maker, and then dried on the pilot-scale drying cylinder. 
Typically when sheets are made on the British handsheet maker they are pressed 
in the stackable press for seven minutes at 50psi with the backing plates and blotter 
pads, and then air dried. Because air drying the sheets does not increase freeness as 
much as can drying at high temperatures, can drying was opted for. Henceforth, when 
sheets were taken off the handsheet forming section, they were immediately put on the 
small roll driven press and dried by the pilot dryer cans. All four recycles were done in 
this manner with can temperature being held constant at 245 degrees fahrenheit. After 
the set of sheets were made, they were stored in the conditioning lab for a minimum of 
one day before physical and surface testing began. 
The following data was collected and testing ran for each of the four recycles: 
weight, caliper, tensile index, breaking length, tensile index wet, breaking length wet, 
zero-span tensile, zero-span tensile wet, burst index, folding endurance, scott bond, 
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brightness, scattering coefficient, T APPi and printing opacity, water retention value 
and density. TAPPI standards were followed for all of the above tests and can be 
found in the appendices section. During destructive type tests, extreme care was taken 
to not lose any fragments of paper. 
Wet tensile utilized the procedures ofTAPPI standard T 456 om-87. 
Permanent wet tensile breaking strength of paper is defined as the tensile strength after 
the specimen has been wetted thoroughly and further soaking does not reduce its 
strength appreciably. The proper saturation time for the strips was then needed to 
determined. To saturate materials, which can be handled without difficulty when wet, 
wholly immerse each test strip in a shallow dish of water. After complete saturation, 
withdraw the strip, lay it flat and straight on a pad of blotting paper, cover with a sheet 
of blotting paper and press lightly to remove excess water. When less than ten percent 
loss in tensile strength occurs between two time intervals, consider the longer period as 
the minimum time of immersion for the final test. The minimum time of immersion 
found for the softwood TMP, was one hour soaking time at twenty five degrees 
Celsius. This soaking time was utilized for both wet tensile and zero-span tensile. 
When all surface and physical testing was completed, the leftover handsheets 
and testing scraps were disintegrated in the British Disintegrator. A 30 gram sample of 
the dry paper and scraps were soaked in 2000ml of water for a minimum of2 hours 
before being placed in the disintegrator. The 1.5 percent consistency slurry was then 
disintegrated for 9000 revolutions. Once disintegration was completed, the slurry was 
thickened on a Buchner funnel to 10 percent consistency and beat in the PFI mill. 
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The PFI mill performs the beating action by using a measured amount of pulp at 
specified concentration and beating it between a roll with bars and a smooth-walled 
beater housing, both rotating in the same direction, but at different peripheral speeds. 
Beating action is achieved through the differential rotational action and the application 
of a specified load between the beater roll and housing for a specified number of 
revolutions. The number of revolutions needed depended upon the amount of freeness 
change needed. Typically, the PFI mill was run for 1000 revolutions and then stopped 
to assure beating was not going below the target freeness of 122csf. 
The number of revolutions needed to bring the can dried sheets freeness back to the 
original level of 122csfranged from 3600 counts to 1000 counts. The PFI mill can 
only process 30 grams odf per run, so up to four runs were needed initially to process 
all of the pulp, while in the later stages ofrecycling only two were needed because of 
the decreased amount of pulp being processed. 
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RESULTS PRESENTATION: 
The following is a short explanation of the data presented in this section. Table 
one is the averaged values of the data collected during the four recycles of 
experimentation. These values were then utilized to produce figures one through 
thirteen. Analysis and explanation of the graphical data is contained in the 
'DISCUSSION' portion of the write-up. 
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TABLE ONE 
***FINISHED DATA TABLE*** 
RUN# 0 1 2 3 4 
WEIGHT (g) 2.0933 2.0599 2.1357 2.0833 2.0534 
CALIPER (.001") 13.855 11.395 11.61 10.425 9.94 
TENSILE INDEX-DRY (Nm"2/g) 36.49868 36.2645 42.2337 35.5899 33.35331 
BREAKING LENGTH-DRY (kM) 3.721697 3.697818 4.306485 3.62903 3.40097 
TENSILE INDEX-WET (Nm"2/g) 1.535004 1.33078 1.986423 1.756701 1.490189 
BREAKING LENGTH-WET (kM) 0.156521 0.135697 0.202552 0.179127 0.151952 
ZERO SPAN-DRY (PSI) 33.29 34.85 34.95 37.9 34 
ZERO SPAN-WET (PSI) 24.875 22.47 26.45 21.9 24.4 
BURST INDEX (kPa-m"2/g) 1.906781 2.042174 2.136196 1.640383 1.531944 
FOLDING ENDURANCE (folds) 14.6 28.8 15.6 7.9 4.7 
SCOTT BOND (.001fl/lb) 37.2 45.4 48.5 39.2 42.7 
BRIGHTNESS (%) 40.77 35.96 33.68 31.88 30.69 
SCATTERING COEFFICIENT 46.55 33.9 23.94 30.33 22.83 
OPACITY-PRINT 99.81 99.79 99.08 99.73 99.14 
OPACITY-TAPP! 99.58 99.49 97.7 99.43 97.76 
WRV 1.879 1.894 1.615 1.731 1.725 
DENSITY (g/cm"3) 0.326 0.3901 0.397 0.4313 0.4457 
WET/DRY TENSILE (%) 4.205641 3.66965 4.703407 4.935954 4.467888 
WET/DRY ZERO SPAN (%) 74.72214 64.47633 75.67954 57.78364 71.76471 
ARITH MEAN FIBER LENGTH 0.86 NA 0.73 0.69 0.5 
WGHT WGTHD FIBR LENGTH 1.96 NA 1.56 1.41 0.96 
*WET TENSILE INDEX, WET BREAKING LENGTH AND WET ZERO SPAN VALUES WERE
OBTAINED FROM SOAKING TENSILE STRIPS IN 25 DEG. C. WATER FOR ONE HOUR.
*SCATTERING COEFFICIENT, OPACITY AND BRIGHTNESS VALUES ALL REFLECT WIRE SIDE
Refining Data 
Run #2 Run #3 Run #4 Run #5 
Counts Freeness Counts Freeness Counts Freeness Counts Freeness 
0 162 0 150 0 179 0 200 
160 160 100 135 100 130 100 150 
260 144 200 120 130 110 150 140 
360 120 200 127 
Final Freeness = 120 Final Freeness = 115 Final Freeness= 125 Final Freeness = 127 
OriQinal Freeness of VirQin Pulp = 122csf 
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DISCUSSION: 
It should be noted before any concrete conclusions are drawn from the 
discussion of results that fines were not recirculated or collected in any fashion during 
the process ofhandsheet making. The failure to collect and recirculate white water 
from the forming process may have altered the final results given in this section. 
As was mentioned before, the pulp utilized in testing was a softwood, TMP. 
Figure one shows the relationship between number of recycles and tensile index, with 
number ofrecycles on the X-axis and tensile index in Nm"2/g on the Y-axis. Tensile 
index can be found by dividing grammage into tensile strength. Where tensile strength 
is defined as the maximum tensile stress developed in a test specimen before rupture. 
Tensile index is dependent upon both fiber strength and bond strength. Since it is 
known from figure three that zero span tensile did not appreciably decrease, any 
changes in strength would therefore be due to variances in bonding ability and fiber 
length. Paper tensile strength reaches a limit that is always well below the 
experimentally determined intrinsic fiber strength. This suggests that fiber-to-fiber 
bonding strength is still the most important factor determining paper strength. 
Figure one reveals a common trend among the strength tests. After recycling 
the pulp two times, a tensile index maximum was reached. As can be viewed from 
figure one, the first recycle did not produce much of a change in strength. One 
possibility being that the PFI mill does not impart a large amount of energy per impact. 
It is therefore possible that it took two recycles and two beatings before the fibers 
became fibrillated and developed increased bonding strength. Another possibility being 
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that of fiber softening. It is believed that mechanically pulped fibers actually soften 
during the first few recycles, after which they harden much like chemically pulped 
fibers. If possible, it would seem as though the maximum softening was achieved after 
two recycles. The increase in fiber flexibility would lend itself to strength development 
very well, by increasing available bond area. 
The idea of fiber softening is further backed up by the scattering coefficient data 
of figure ten. Scattering coefficient is the light scattering ability of an individual sheets' 
fiber network. Soft, conformable fibers form a tight interwoven network, which 
scatters light poorly. An unpliable, hard fiber will form a rough network and scatter 
light very well. The addition of short fibers to a network will also increase the 
scattering power of the sheet. Scattering coefficient, much like opacity and brightness 
have an inverse relationship with physical paper strength. An increase in strength 
normally indicates improved bonding potential, which decreases scattering coefficient. 
As can be seen from figure ten, scattering coefficient decreases for the first two 
recycles, and then increases during the third recycle, only to drop again on the fourth. 
This decrease in scattering power could possibly be from fiber softening, which would 
form a tighter fiber network and produce less scattering ability. The initial decrease in 
scatter is accompanied by an increase in strength. It is believed that the scattering 
coefficient increases after the second recycle, because the fiber stabilizes and also 
production of shorter fibers from the PFI mill. This increase in scatter is accompanied 
by a decrease in strength, which proves the inverse theory of strength and scattering 
ability to be true. 
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Figure two shows the relationship between breaking length and number of 
recycles, with number of recycles being on the X-axis and breaking length in KM on 
the Y-axis. Breaking length can be defined as the calculated limiting length of a strip of 
uniform width, beyond which, if such a strip were suspended by one end, it would 
break of its own weight. Breaking length is calculated from tensile strength data, and 
therefore follows a trend similar to tensile index. Breaking length depends on fiber and 
bonding strength, much like tensile index. It has been shown in past studies that sheet 
density and zero-span tensile account for most of the breaking length variance, with 
some fiber length influence. High breaking length correlates with thin-walled, long, 
collapsible, and flexible latewood fibers. As stated above, fiber strength did not 
appreciably change, therefore strength changes are mainly due to bonding ability 
increasing or decreasing and varying fiber length. 
Figure two shows the maximum breaking length being achieved after two 
recycles, and then dropping off through the third and fourth. Again, it is believed the 
increase in breaking length was the product of increased fibrillation and fiber softening 
for the first two recycles and then the loss of breaking length being the product of fiber 
shortening through the third and fourth recycles. These assumptions, as stated before, 
are partially backed by the scattering coefficient data of figure ten. 
Figure three reveals the relationship between zero-span tensile, wet and dry, 
versus the number ofrecycles. Where the number ofrecycles is on the X-axis and 
zero-span tensile strength in psi is on the Y-axis. The zero-span breaking length 
appears to be an index of the breaking length of a pulp beaten to it maximum value 
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under ideal conditions. Consequently, it is an excellent measure of the maximum 
strength of a pulp, and is almost completely independent of the laboratory beating 
procedure used. Fiber strength and sheet zero-span tensile are related and the 
relationship improves when sheet density is taken into account. Both fiber strength and 
the sheet apparent density account for much of the total variation in tensile and burst. 
The figure contains one curve representing zero-span dry and one curve representing 
zero-span wet. 
Overall change in either wet or dry zero-span is negligible, thus indicating a 
negligible change in fiber strength. As was expected, wet zero-span tensile was lower 
than dry. The effect of wetting softened the fibers amorphous regions, making them 
more pliable, but decreasing their overall tensile strength .. 
Figure four shows the relationship between wet tensile index and the number 
of recycles, where the number of recycles is on the X-axis and the wet tensile index 
strength in Nm"2/g is on the Y-axis. Wet tensile breaking strength is of special 
usefulness in the evaluation of the performance characteristics of tissue products 
including paper towels, photographic paper, bags, moisture food wraps, and any other 
papers subjected to stress during processing or use, while wet. Wet tensile is also a 
good indicator of paper machine runnability. 
Wet tensile strength differs from dry tensile strength in that dry tensile depends 
on the fiber and bonding strength, while wet tensile depends primarily on bonding 
strength. The presence of water in the sheet weakens the bonds tremendously, making 
the ratio of fiber strength/bonding strength increase drastically. 
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Figure four reveals a similar trend to that of figures one and two, an increase in 
strength up to the second recycle and then a decrease in strength through the third and 
fourth. The increase in strength is again attributed to the softening affect. The 
softening affect allows the fiber to collapse and conform, producing a larger bonding 
area. The larger bonding area increases bond strength, and therefore wet tensile index. 
Figure five shows the relationship between wet breaking length and the number 
ofrecycles, where number ofrecycles is on the X-axis and wet breaking length in KM 
is on the Y-axis. As you will recall from figure two, breaking length is the calculated 
limiting length of a strip of uniform width, beyond which, if such a strip were 
suspended by one end, it would break of it own weight. Of course, the addition of 
water to the sample will decrease breaking length drastically. Not only will it make the 
sample much heavier per unit oflength, but the presence of water will weaken bonds, 
making them the limiting factor. 
As can be seen from figure five, the same trend of maximum strength after the 
second recycle continues. As for dry breaking length, wet breaking length is simply 
calculated from the wet tensile. Because of this reason, it is logical that their curves 
would look similar. The same factors of increased fiber softness, followed by a 
stabilization and shortening affect are responsible for the shape of the curve. 
Figure six shows the relationship between burst index and number of recycles, 
where number ofrecycles is on the X-axis, and burst index in kPa-m"2/g is on the Y­
axis. Bursting strength is commonly defined as the hydrostatic pressure in kilopascals 
or psi, required to produce rupture of the material when the pressure is increased at a 
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controlled constant rate through a rubber diaphragm. The area of the material under 
test is initially flat and held rigidly at the circumference but is free to bulge during the 
test. Some recent studies have shown that sheet density and zero-span tensile account 
for most of the burst variance with some fiber length influence. High burst strength 
correlates with thin walled, long, collapsible and flexible fatewood fibers. 
The burst index curve in figure six reveals the same basic trend as the previous 
strength measurements. It appears the same affect of fiber softening and increased 
bond area have increased burst strength for the first two recycles. Again, it is believed 
the fiber stabilized with respect to softening after the second recycle and fiber 
shortening was then responsible for the burst strength degradation in the third and 
fourth recycles. 
Figure seven shows the relationship between scott bond and number of 
recycles, where the number of recycles is on the X-axis and scott bonding strength in 
0.001ft/1b is on the Y-axis. Scott Bond measures the bonding strength of a given 
sample in the Z-direction. Scott Bond more specifically measures pure bonding 
strength than any of the other strength tests utilized in this experimentation. The test is 
run with a dry sheet only, so the effect of softening from water is not a factor in the 
analysis of data. 
Figure seven shows a curve very similar to the rest of the physical tests. There 
is an increase in strength up to the second recycle, at which time the bonding ability of 
the specimen diminishes through the third and fourth runs. It is felt that the decrease at 
recycle three is from the fiber hardening. The increase in strength from the third run to 
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the fourth run may very well be the product of an increased number of shorter fibers 
and fines. The increase in shorter fibers and fines will improve bonding area drastically, 
therefore improving bonding strength for the last run. This may help explain why the 
bonding strength of the fourth run is as high as the first and second runs. 
Figure eight shows the relationship between density and the number of 
recycles, where the number ofrecycles is on the X-axis, and the density in g/m/\3 is on 
the Y-axis. Density is defined as the ratio of the mass of a quantity of a substance to its 
volume and is expressed in terms of weight per unit volume. 
Figure eight reveals a trend of increasing density through all of the recycles. It 
is believed that for the first and second recycles the increase in density is attributed to 
fiber softening, and some short fiber production from the PFI mill. In keeping with the 
assumptions mentioned above, it is believed that the fibers stabilized after the second 
recycle. This stabilization was then coupled with more short fibers and fines in the PFI 
mill, increasing density. It is also believed that the fibers that were not unravelled may 
have collapsed in the third or fourth recycle. After being beaten and recycled four 
times, the center lumen of the fiber collapses in on itself, because of the loss of physical 
strength of the fiber walls. 
Of all the factors mentioned above that are contributing to the increase in 
density, it is thought that the short fiber and fines production, coupled with the fiber 
collapse contributes to the density increase after the second recycle. Fiber softening 
contributes to the increase in density for the first two recycles most significantly. The 
increase in density can also be seen from the data in figure twelve. The data in this 
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figure shows the relationship between sheet caliper and the number of recycles, where 
the number ofrecycles is on the X-axis and the sheet caliper in thousands of an inch is 
on the Y-axis. The curve reveals a constant decrease in sheet caliper as the number of 
recycles increases. The basis weight and dimensions of the sheets are being held 
constant, therefore a decrease in caliper equates to an increase in density. The change 
in sheet density is explained by the initial softening effect, the production of shorter 
fibers and collapse of fiber walls in the later stages of recycling. 
Figure nine reveals the relationship between weight weighted fiber length, 
arithmetic average fiber length and the number of recycles, with the number of recycles 
on the X-axis and the fiber length in mm on the Y-axis. As was mentioned earlier, the 
arithmetic average fiber length is calculated from the number of measured fibers in 
different length fractions and from the average length of the fraction. The arithmetic 
average fiber length is not always the most meaningful indicator of the fiber length 
because the effect of short fibers is emphasized. The better expression is often the 
length weighted average fiber length. Data from the first recycle was not available for 
fiber length analysis. 
As can be seen from figure nine, the weight weighted average fiber length is
much larger than the arithmetic mean fiber length. Thus, indicating a large 
concentration of short fibers. A trend of continuous fiber shortening seems to exist as 
the number of recycles increases, with the slope of the curve increasing during the third 
and fourth recycles. Thus, indicating that some cutting action was taking place in the 
PFI mill. It is believed this cutting action increased in the later stages from the effect of 
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fiber stabilization. As the fibers stabilized, they were more susceptible to cutting by the 
PFI rotor. This data helps to explain the increase in density and decrease in caliper of 
the hand sheets as the number of recycles increased. It also may help explain why the 
scott bond increased in the final run of recycling. 
Figure ten shows the relationship between scattering coefficient and the 
number of recycles, where the number of recycles is on the X-axis and scattering 
coefficient on the Y-axis. Scattering coefficient is the ability of a sheet of paper to 
scatter light. Scattering coefficient can be affected by sheet density, fiber flexibility and 
the amount of fines present in the sheet. As is stated above, scattering coefficient has 
an inverse relationship with strength properties. An increase in scattering coefficient 
produces a decrease in strength. 
The trend in figure ten seems to back up what the strength test curves have 
depicted earlier. The first and second recycles show a decrease in scattering 
coefficient. It is believed this decrease is the function of fiber softening. As the fibers 
soften and become more conformable, they tend to bond better, causing the fibers to lie 
down on top of one another, instead of protruding out. The smoother surface yields 
less scattering ability then a sheet with a rough surface. The third recycle shows an 
increase in scattering ability of the sheet. This increase is thought to be the product of 
increased short fiber production. As stated earlier, it is thought the fiber stabilized at 
this point with respect to fiber softening. When the fiber stabilized, the increased 
mechanical action of the PFI mill produced more short fibers. Short fibers are known to 
have very good light scattering ability because of their high aspect ratio. The decrease 
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in scattering coefficient for the last recycle has a possible explanation. It is known the 
fibers will collapse in on the lumen after a number of recycles. Although there is no 
way to tell when this collapse occurred, it is believed it may have happened during the 
last recycle. The collapse may have increased bonding area, but only slightly if at all. 
But, the collapse of the fiber walls would produce a slightly smoother surface and may 
help to explain the decrease in scattering ability of the sheet, along with the increased 
amount of short fibers. 
Figure eleven shows the relationship between brightness and the number of 
recycles, where the number of recycles is represented on the X-axis, and brightness on 
the Y-axis. Brightness is typically explained as the reflectivity of a sheet of pulp or 
paper measured under standardized conditions; used to indicate the degree of 
whiteness. Brightness is related to opacity and scattering coefficient, in that they may 
all decrease at the same time. A decrease in scattering coefficient will typically produce 
a decrease in brightness. 
Figure eleven reveals a trend of continued brightness decrease throughout the 
four recycles. From the trend, it can be seen that the greatest loss in brightness was 
experienced during the first two recycles. The first two recycles also experienced the 
largest drop in opacity. The softening that is believed to have taken place early on in 
the process, was more than likely responsible for the decrease in opacity. Opacity 
reveals a sheets ability to prevent light transmittion. Opacity is greatly affected by the 
void or air spaces in a sheet after it is formed. The affect of fiber softening decreased 
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these void spaces because of their increased conformability. The sum of these factors 
then decreased brightness. The affect of the fiber walls collapsing may account for the 
decrease in brightness after the second recycle. 
Figure thirteen shows the relationship between opacity and the number of 
recycles, where number ofrecycles is on the X-axis and o·pacity is on the Y-axis. 
Opacity is defined as the property of paper which prevents show through of printing 
from one side of a sheet to the other. Small air voids in the sheet are responsible for 
creating opacity, these air voids are affected greatly by fiber flexibility and fiber length. 
Increased fiber flexibility increases potential bonding area, which decreases the size and 
number of void spaces in the sheet. Fiber length plays an important role also, 
decreasing fiber length serves to fill in the void spaces and decrease opacity. 
Figure thirteen shows a decrease in opacity up to the second recycle, where 
opacity then increases in the third and drops again in the fourth recycle. Decreasing 
opacity in the first two recycles is thought to be the product of fiber softening as 
described above. The increase in opacity during the third recycle is attributed to fiber 
stabilization, which increased the sheet voids and lowered strength. The apparent drop 
in opacity during the fourth recycle is not accompanied by an increase in strength, but 
may be the product of fiber shortening. 
Figure fourteen shows the relationship between water retention value (WRV) 
and the number of recycles, where the number ofrecycles is on the X-axis and water 
retention value in grams of water per gram of fiber is given on the Y-axis. WRV is 
known to be a good indicator of swellability and internal fiber capacity. Past work has 
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showed a decrease in WRV as the number ofrecycles increased. This trend was also 
observed in figure thirteen. The trend shows a large drop in WRV during the third 
recycle, this is somewhat contradictory to the rest of the data obtained. A decrease in 
WRV would signify less swelling ability of the individual fibers. It is believed the main 
reason for the decrease in WRV is the loss if fines. Fines ·typically have the affect of 
increasing WRV, so the loss of fines through handsheet making is more than likely 
responsible for the decrease. 
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CONCLUSIONS: 
TMP pulp is known to unravel around the lumen due to heat and mechanical 
energy during processing. This unravelling effect produces a much larger available 
surface area for fiber-to-fiber contact area, known as bond area. 
The increase in tensile wet and dry, breaking length, burst index and scott bond 
during initial stages of recycling seems to be a function of unravelling, increased fiber 
flexibility and the development of fibrillization. The combination of these properties 
served to increase the relative bond area, which in tum increased strength and lowered 
scattering coefficient, brightness and opacity. This theory is backed by the fact that 
zero-span tensile measurements indicate there was no appreciable loss of fiber strength 
throughout the recycling process, accompanied by an increasing sheet density. 
The decrease in strength seems to be the product of several factors. The loss of 
fines during the handsheet making process was no doubt responsible for some of the 
strength loss. The loss of fines affects strength negatively because of the large bond 
area associated with these fines. It also believed the fibers may have stabilized after the 
second recycle, with respect to fiber softness. The stabilization may have decreased 
bond area and therefore strength. The loss of fiber length was also responsible for the 
loss in strength after the third recycle. It is important to keep in mind the fact that no 
fiber strength loss was observed during the recycling process, therefore the loss in 
strength was the product of decreased bonding ability and fiber shortening. 
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The hardest portion of the experiment to explain comes into play with the 
surface properties during the last recycle. Initially, the surface properties of scattering 
coefficient, opacity and brightness all decreased. A decrease in optical properties is 
normally associated with an increase in strength, which did occur during the first two 
recycles. Scattering coefficient and opacity both increased during the third recycle 
while strength decreased, which follow the expected behavior. As mentioned before, 
decreasing optical properties often are associated with increased strength, but strength 
did not increase for the fourth recycle. It is thought the loss of fines and the fiber 
collapse may be the culprit. Optical properties indicate that the relative bonding area 
increased continuously during the last two recycles, which may also be the function of 
collapsing fibers. 
Density continuously decreased throughout the recycling process. The initial 
decrease in density is the function of fiber softening. The softening fibers formed a 
more conformable network which correspondingly increased density during the first 
two recycles. After the second recycle, it is believed that short fiber production and 
fiber collapse are responsible for the decreases in density. 
From this data one can conclude that mechanical pulps will be a viable post 
consumer fiber source for the future. Difficulty in quantifying how many times an 
individual fiber has been recycled will be a large hurdle as will the constant decrease in 
brightness during recycling. If these factors can be overcome, there seem to be some 
definite benefits to utilizing mechanical pulps. 
40 
RECOMMENDATIONS: 
After performing the experiment and analyzing the results, the following 
recommendations are being made: 
1. The use of a fiber flexibility measurement would be instrumental in backing up
the claim of fiber softening. This phenomenon is not easily believed and would
be solidified by this information.
2. If this project was to undertaken again, I believe it would be interesting to see
how the fibers would act after recycling eight to ten times. It would be
interesting to see if the fibers would ever soften again.
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APPENDICES ONE: 
CALCULATIONS: 
The following list represents the calculations utilized in the final data table. 
1. BURST INDEX
Burst in kPa / Grammage (g/m"2) = kPa-m"2/g
To convert Burst in psi to kPa, multiply psi*6.895
eg. 224.08kPa I 74.6g/m"2 = 3.0kPa-m"2/g
2. TENSILE INDEX
653.S*Tensile (kg) / Grammage (g/m"2) = N-m"2/g
eg. 653.8*5.57kg I 74.6g/m"2 = 48.82N-m"2/g
3. BREAKING LENGTH
Tensile (kg)*l00 I Grammage (g/m"2)*Width (cm)= km
eg. 5.57kg*100 I 74.6g/m"2*1.5cm = 4.98km
4. GRAMMAGE
Weight of sheets / number of samples*area of sample = g/m"2
eg. (22.382g I 5(8.5Xl l))*(lin"2 I 2.54cm"2)*(100cm"2 I lm"2) =
74.6g/m"2
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APPENDICES TWO: 
T APPi Standards 
The folliwng is a list ofTAPPI Standards utilized during experimentation: 
1. T APPi Standard - T 494
2. T APPi Standard - T 456 om-87
3. T APPi Standard - T 403
4. T APPi Standard - T 220
5. TAPP! Standard - T 271
6. TAPP! Standard - T 452
7. T APPi Standard - T 205
8. T APPi Standard - T 402
9. TAPP! Useful Methods 256
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APPENDICE THREE: 
TABLE TWO 
RUN #1 (VIRGIN FIBER/CAN DRIED @ 246 DEGREES F) 
WEIGHT CALIPER TENSILE (DRY) TENSILE (WET) 
SAMPLE (grams) (.001") LOAD EXT LOAD EXT 
1 2.06 13.25 5.713 2.39 0.2255 1.69 
2 2.028 14.5 6.024 2.4 0.247 2.69 
3 2.097 14.1 5.036 1.66 0.2685 2.58 
4 2.04 13.4 6.883 2.76 0.2362 2.66 
5 2.154 13.3 7.578 3.04 0.2738 2.45 
6 2.123 14.1 7.235 2.21 0.2685 2.34 
7 2.088 13.55 6.542 2.26 0.2765 1.98 
8 2.073 14.1 5.259 2.34 0.2362 1.99 
9 2.123 14 5.06 2.21 0.2497 2.26 
10 2.147 14.25 6.078 2.13 0.3007 1.75 
AVG. 2.0933 13.855 6.1408 2.34 0.25826 2.239 
STD. 0.043461 0.440612 0.903175 0.368058 0.02317 0.368434 
RUN #2 (ONCE RECYCLED FIBER/CAN DRIED @ 246 DEGREES F) 
WEIGHT CALIPER TENSILE (DRY) TENSILE (WET) 
SAMPLE (grams) (.001") LOAD EXT LOAD EXT 
1 1.925 11 6.021 2.6 0.1745 1.42 
2 2.098 11 5.742 1.65 0.2228 1.58 
3 2.09 11.5 5.809 1.84 0.2362 1.96 
4 2.086 11.15 6.038 2.1 0.2255 2.74 
5 2.093 11 6.26 2.31 0.2282 2.09 
6 2.07 12.5 5.74 1.71 0.2252 1.46 
7 2.087 11.35 5.686 1.64 0.1852 1.47 
8 2.086 11.2 6.733 2.36 0.255 1.9 
9 2.036 10.85 6.754 2.38 0.2604 1.86 
10 2.028 12.4 6.231 2.23 0.226 1.74 
AVG. 2.0599 11.395 6.1014 2.082 0.2239 1.822 
STD. 0.053165 0.58758 0.393711 0.34762 0.026702 0.397626 
RUN #3 (TWICE RECYCLED FIBER/CAN DRIED @ 246 DEGREES F) 
WEIGHT CALIPER TENSILE (DRY) TENSILE (WET) 
SAMPLE (grams) (.001") LOAD EXT LOAD EXT 
1 2.05 11.5 6.228 1.95 0.2899 1.38 
2 2.191 12.1 6.319 1.75 0.349 1.98 
3 2.095 11.5 6.725 2.18 0.3597 1.74 
4 2.173 11.5 7.211 2.69 0.3275 1.41 
5 2.098 11.5 7.442 2.01 0.3329 1.63 
6 2.12 11.5 7.358 2.27 0.357 1.63 
7 2.139 11.5 7.565 2.67 0.3839 1.95 
8 2.157 11.5 7.903 2.8 0.3221 1.42 
9 2.171 12 7.103 2.36 0.3624 2.03 
10 2.163 11.5 7.203 2.38 0.2577 1.51 
AVG. 2.1357 11.61 7.1057 2.306 0.33421 1.668 
0.044189 0.233095 0.53522 0.345292 0.037509 0.247647 
Z-S (DRY) Z-S (WET) BURST FOLD 
(psi) (psi) (# folds) 
36 22 32.9 12 
35 26 29.8 24 
33.25 22.5 24.4 18 
24.6 26 30.4 12 
34 25 32.6 14 
34.2 24.5 27.5 13 
31.75 26.25 35.5 11 
36.4 25.5 34.6 21 
34.5 25 28 11 
33.2 26 28.5 10 
33.29 24.875 30.42 14.6 
3.343883 1.496524 3.478122 4.765618 
Z-S (DRY) Z-S (WET) BURST FOLD 
(psi) (psi) (# folds) 
33 24 32 25 
34 19.2 34.5 28 
34.5 17 29.6 22 
36 24 31 41 
36 24.8 33.3 25 
33 22.2 30.1 29 
37 24.25 36.2 34 
34 24 34.7 35 
33.5 21 30 24 
37.5 24.25 34.4 25 
34.85 22.47 32.58 28.8 
1.650757 2.616953 2.348427 6.033241 
Z-S (DRY) Z-S (WET) BURST FOLD 
(psi) (psi) (psi) (# folds) 
36 31.5 33.7 16 
35 23 34.7 17 
36 28 36.7 14 
29 24 34.7 12 
36 27 35.6 12 
37 27 32.4 27 
38 25 35.5 14 
27 25 33.6 13 
39 26 31.9 12 
36.5 28 32 19 
34.95 26.45 34.08 15.6 
3.86185 2.431849 1.641002 4.64758 
SC-BOND BRIGHT SCATTER 
(.001 ft/lb) 
37.2 40.77 46.55 
SC BOND BRIGHT SCATTER 
(.001 ft/lb) 
50 
52 
45 
45 
45 
45 
42 
45 
45 
40 
45.4 35.96 33.9 
3.438346 
SC BOND BRIGHT SCATTER 
(.001 ft/lb) 
50 
55 
48 
50 
48 
48 
50 
45 
46 
45 
48.5 33.68 23.94 
2.990726 
OPACITY 
PRINT 
99.81 
OPACITY 
PRINT 
99.79 
OPACITY 
PRINT 
99.08 
TAPPI 
99.58 
TAPPI 
99.49 
TAPPI 
97.7 
WRV 
1.879 
WRV 
1.894 
WRV 
1.615 
V) 
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APPENDICE FOUR: 
TABLE THREE 
RUN #4 (TRI-RECYCLED FIBER/CAN DRIED @ 246 DEGREES F) 
WEIGHT CALIPER TENSILE (ORY) TENSILE (WET) 
SAMPLE (grams) (.001") LOAD EXT LOAD EXT 
1 2.091 10.6 4.311 1.16 0.3034 1.24 
2 2.09 10.25 6.005 2.13 0.2738 1.06 
3 2.076 10.5 5.903 1.65 0.2872 1.48 
4 2.079 10.5 6.274 1.89 0.3221 1.43 
5 2.083 10.5 6.531 1.86 0.2926 1.4 
6 2.087 10.5 6.564 2.1 0.2819 1.31 
7 2.097 10.25 5.127 1.26 0.3221 1.28 
8 2.07 10.4 6.534 1.7 0.3114 1.52 
9 2.07 10.25 5.844 1.63 0.2604 1.3 
10 2.09 10.5 6.786 2.17 0.3007 1.56 
AVG. 2.0833 10.425 5.9879 1.755 0.29556 1.358 
STD. 0.009286 0.129636 0.76196 0.347986 0.020337 0.150318 
RUN #5 (QUAD-RECYCLED FIBER/CAN DRIED @ 246 DEGREES F) 
WEIGHT CALIPER TENSILE (DRY) TENSILE {WET) 
SAMPLE (grams) (.001") LOAD EXT LOAD EXT 
1 2.004 10 5.833 1.64 0.2174 0.92 
2 2.09 10 4.797 1.31 0.2174 0.99 
3 2.088 10 5.938 1.98 0.2658 0.96 
4 2.063 10 6.333 1.51 0.2738 1.06 
5 2.031 9.9 5.93 1.75 0.2523 0.96 
6 2.05 9.7 5.995 2.07 0.2497 1.45 
7 2.052 10 4.15 1.13 0.2819 1.2 
8 2.047 10 5.887 1.62 0.2416 1.09 
9 2.043 10 5.471 1.43 0.255 1.14 
10 2.066 9.8 5.782 1.82 0.2523 1.05 
AVG. 2.0534 9.94 5.6116 1.626 0.25072 1.082 
STD. 0.025587 0.107497 0.653949 0.293151 0.02124 0.155906 
Z-S (DRY) Z-S (WET BURST FOLD 
(psi) (psi) (# folds) 
39 17 27.1 6 
40 20 23.6 7 
39 24 26.3 8 
38 17 27.5 7 
37 26 27.7 8 
35 21 24.5 10 
39 23 28 8 
36 27 24.9 8 
37 23 26.1 9 
39 21 26 8 
37.9 21.9 26.17 7.9 
1.595131 3.381321 1.467462 1.100505 
Z-S (ORY) Z-S (WET) BURST FOLD 
(psi) (psi) (# folds) 
36 27 25.2 4 
37 18 27.1 5 
35 24 24 5 
38 26 25.2 5 
30 27 21.5 4 
40 23 23.2 5 
32 26 21.1 5 
34 25 27 5 
29 25 26.7 4 
29 23 23.4 5 
34 24.4 24.44 4.7 
3.887301 2.674987 2.17317 0.483046 
SC BOND BRIGHT 
(.001 ft/lb) 
45 32.68 
45 31.97 
35 31.52 
40 31.74 
39 31.25 
40 31.8 
40 31.71 
38 32.06 
35 31.59 
35 32.48 
39.2 31.88 
3.705851 0.43538 
SC BOND BRIGHT 
(.001 ft/lb) 
50 
50 
40 
30 
35 
45 
45 
45 
45 
42 
42.7 30.69 
6.290204 
SCATTER OPACITY 
PRINT 
30.33 99.73 
SCATTER OPACITY 
PRINT 
22.83 99.14 
TAPPI 
99.43 
TAPPI 
97.76 
WRV 
1.731 
WRV 
1.725 
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